Owing to the highly directional and electronically localized nature of the d orbital wave functions, transition metal oxides (TMOs) often exhibit a strong coupling between the lattice and other degrees of freedom.^[@ref1]^

Many TMOs stabilize in the perovskite structure with the formula unit ABO~3~.^[@ref2]^ The lattice can be visualized as a network of corner-sharing O~6~ octahedra with the B cation situated in the center of each. One octahedron represents the perovskite pseudocubic (pc) unit cell (u.c.) and can be seen as the functional unit. In almost all perovskites, however, the primitive unit cell is larger than this as the lattice is distorted, most commonly through antiferrodistortive rotations and tilts of the O~6~ units, doubling the unit cell in real space. These often subtle rotations of oxygen octahedra carry direct implications for the wider physics of the material affecting, for example, magnetic exchange and electronic hopping.^[@ref3]−[@ref7]^ In the family of rare earth nickelates, RNiO~3~, for instance, the Ni---O---Ni bond angle determines the temperature of their famous metal-to-insulator transition.^[@ref8],[@ref9]^

From the wide range of available chemistries given by the distortion of the octahedral functional unit, a correspondingly wide range of materials functionalities emerges. One main challenge is in the development of new approaches by which the octahedral network can be engineered.

In bulk systems, octahedral engineering is largely understood within an empirical framework, for example, via the tolerance factor.^[@ref10]^ Then, for a given ABO~3~ compound further tuning the octahedral lattice can be achieved by chemical or isotope substitution,^[@ref8],[@ref11],[@ref12]^ nonhomogenous deformations such as bending,^[@ref13]^ nonequilibrium excitation with light,^[@ref14]^ or by pressure effects, either hydrostatic^[@ref15]^ or internal.^[@ref16]^

In epitaxial perovskite oxide heterostructures, direct and static lattice tuning can be achieved without relying on external stimuli or chemistry through heterostructure effects both brought about by the substrate and by the heterointerfaces with the other functional layers.^[@ref17],[@ref18]^

The primary mechanism of heterostructure engineering of the lattice is through epitaxial strain imposed by the substrate. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates schematically the expected effect of the biaxial strain when considering either pure bond length modifications (panel a) or pure rotations of octahedra (panel b). In reality, a combination of the two responses would most likely be expected. The effect of heterostructuring, however, goes beyond simple biaxial strain as, very often, the substrate itself has a characteristic octahedral network, which can affect the film through the interfacial coupling of distortions. This added texturing should also bring a thickness-dependent modulation to the film structure, even with the retention of complete biaxial strain that is usually observed up to much higher thickness limits. As many functional properties, often unavailable in bulk, stem from heterointerfaces, the study of the lattice structure toward the ultrathin limit is highly appealing from the perspective of tailor-made nanoscale materials and may reveal new engineering routes.

![A simplified schematic of the response to biaxial strain through (a) pure bond length modifications and (b) pure oxygen octahedral rotations.](nl-2019-017729_0001){#fig1}

Today, an entire field of research is dedicated to measuring collective lattice distortions. Structural modulations have often been observed at heterointerfaces to vary on a length scale of 3--8 pseudocubic unit cells.^[@ref19]−[@ref25]^ Our previous work on LaNiO~3~ thin films, utilizing TEM and ab initio calculation, found that the film structure has a tendency to adopt the structure of the LaAlO~3~ substrate close to the interface with strong distortions on the film surface.^[@ref23]^ This coexistence of different structures was shown to be the likely origin for a thickness-dependent conductivity enhancement in those ultrathin films, illustrating how important the lattice distortion can be for the physical properties of TMOs.

One of the primary challenges in further developing tools and approaches to measure distortions of the octahedral functional unit itself lies in the fact that they usually stem only from displacements of light oxygen atoms which, when combined with the fact that heterostructuring tends to involve low sample volumes, make their detection rather arduous. Here we describe an approach to quantify rotational distortions of the perovskite octahedral functional unit by synchrotron X-ray diffraction. Our results show that this technique is well-suited to this type of problem even when the film thickness is as low as 2 nm. Resulting from our analysis, a striking contrast in behavior is observed when the heterointerface is quite structurally and chemically continuous (i.e., between very similar materials) versus when it is rather discontinuous. In the latter case, a thickness-dependence of the collective distortion is uncovered and a potential control knob for octahedral distortion magnitude is revealed.

The approach employed here leverages the fact that distortions of the functional unit double the real space unit cell and, therefore, halve the reciprocal space periodicity, producing extra peaks at half-integer points when probed by X-ray diffraction (XRD). This method of obtaining the precise pattern of tilts and rotations of the octahedra was introduced by Glazer along with a convenient shorthand to describe this collective distortion.^[@ref26]^ First, a definition of the functional unit distortion is that α and β are the rotation magnitudes of the octahedron around the *a*- and *b*-axes, respectively, often referred to as "tilts", while γ represents the rotation magnitude around the *c*-axis. A schematic definition can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf). Glazer notation uses three labels, each of one letter and one superscript symbol, to describe the rotations around the three respective crystallographic axes. The superscript "0" denotes no rotation around that axis, "--" denotes an out-of-phase rotation (adjacent octahedra rotate in the opposite direction), and "+" denotes an in-phase rotation (all octahedra rotate in the same direction). If more than one label has the same letter, then it means that the rotations around those axes are equal in magnitude. For example, the common Glazer system a^--^a^--^a^--^ represents out-of-phase-rotations around the three axes, all of the same magnitude, that is, α = β = γ. By recording which half-integer Bragg peaks (HIBP) are present and which are absent, the sample symmetry is readily reasoned.

As a further step, the magnitudes of the tilts and rotations can be obtained by more detailed analysis of the relative intensities of the HIBP in XRD.^[@ref27]^ This method has been successfully applied to perovskite systems to examine the effect of biaxial strain^[@ref28],[@ref29]^ and symmetry mismatch^[@ref30]^ as well as more complex systems such as multicomponent superlattices^[@ref24],[@ref31]^ and structures that include cation displacements.^[@ref32]^ In an original study, May and co-workers illustrated how a typical perovskite, LaNiO~3~, adapts its NiO~6~ network to the epitaxial strain from the substrate. In particular, the authors found that when compressive (tensile) strain is applied, the in-plane rotation increases (decreases) in magnitude whereas the out-of-plane tilts decrease (increase) in magnitude, as sketched in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In that work, the films were 20--40 pc u.c. in thickness (1 pc u.c. ≈ 3.85 Å). Here, we apply a rather similar approach to films close to the ultrathin limit demonstrating for the first time to our knowledge how distortions evolve from ultrathin to thin films depending on the substrate, providing important information on the interfacial strain, structural, and chemical effects potentially giving new engineering tools for future material designs.

Because of the possibility that ultrathin films may allow the stabilization of more extreme octahedral rotations, the simulation aspect of this work was adapted and generalized from the one employed in the past and details of this can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf).

The systems investigated were tensile LaNiO~3~ on (001)-oriented SrTiO~3~ (STO) substrate and compressive LaNiO~3~ grown on (001)-oriented LaAlO~3~ substrate, both series of various film thicknesses, as low as 5 u.c. (20 Å), as well as the analogous compressive system of LaAlO~3~ on SrTiO~3~ substrate. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} summarizes the room-temperature structural properties of the bulk materials involved.

###### Summary of Bulk, Room Temperature, Structural Parameters of the Materials Used^[@ref33],[@ref34]^

                                 LaNiO~3~          LaAlO~3~          SrTiO~3~
  ------------------------------ ----------------- ----------------- --------------
  pc lattice parameter           3.838 Å           3.789 Å           3.905 Å
  space group                    *R*3̅*c*           *R*3̅*c*           *Pm*3*m*
  Glazer system                  a^--^a^--^a^--^   a^--^a^--^a^--^   a^0^a^0^a^0^
  O~6~ rotation/tilt α = β = γ   5.2°              5.6°              0°

The growth and characterization for the LaNiO~3~ and LaAlO~3~ samples can be found in the [Experimental Section](#sec2){ref-type="other"}, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf), and elsewhere.^[@ref35]−[@ref37]^

For all samples, the film thickness was obtained by recording a specular CTR (described in the [Experimental Section](#sec2){ref-type="other"} and shown in [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf)) and using a specialized simulation to extract the number of unit cells and the *c*-axis parameter through fitting the finite thickness fringes.^[@ref38]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} displays the results of this analysis.

![Pseudocubic *c*-axis lattice parameter as a function of total film thickness for the three heterostructure types, LaNiO~3~/SrTiO~3~, LaNiO~3~/LaAlO~3~, and LaAlO~3~/SrTiO~3~. Bulk lattice parameters for all materials are denoted by the black dashed line. The wider dashed lines show the film *c*-axis parameters that would be expected for a given heterointerface assuming only a volume change governed by the Poisson ratio (ν~LNO~ = 0.34 from ref ([@ref39]) and ν~LAO~ = 0.22 from ref ([@ref40])). Error bars derive from the reliability of fitting the finite thickness fringes in InteractiveXRDFit, which increases with film thickness.](nl-2019-017729_0002){#fig2}

The out-of-plane lattice parameters primarily reflect the strain state of the films where LaNiO~3~/SrTiO~3~ and LaAlO~3~/SrTiO~3~, both under tensile strain, see a reduction in their *c*-axis parameter as compared to the bulk state, whereas the opposite effect is observed in LaNiO~3~/LaAlO~3~ samples, which are compressively strained. Indeed, the measured *c*-axis parameters are close to that predicted by elastic theory for almost all the samples. The LaNiO~3~/LaAlO~3~ series does not display a thickness dependence of the *c*-axis parameter over the range examined. The LaNiO~3~/SrTiO~3~ series, on the other hand, shows an overall decrease of the out-of-plane lattice parameter as the thickness of the film is reduced. The two samples of LaAlO~3~/SrTiO~3~ are entirely consistent with a previous report on the thickness-dependence of the *c*-axis parameter where a strong modulation due to the electrostrictive effect and intermixing is observed for films of less than 4 u.c. and a relaxation of the lattice parameter back to that of bulk LaAlO~3~ is seen for films over 40 u.c.^[@ref41]^ The two thicknesses of LaAlO~3~/SrTiO~3~ measured here, however, belong to a thickness regime where the *c*-axis parameter was found by Cancellieri and co-workers to be constant at between 3.73--3.74 Å.^[@ref41]^ The variation of *c*-axis parameter with thickness for the LaNiO~3~/SrTiO~3~ series seen here cannot be reasoned in the same way as the LaAlO~3~/SrTiO~3~ series was previously. In the case of LaNiO~3~/SrTiO~3~, there is no two-dimensional (2D) electron system at the interface and the film remains fully strained to the substrate for all the thicknesses studied, as confirmed by analyzing the in-plane diffraction peaks. The intriguing thickness dependence of the *c*-axis in the LaNiO~3~/SrTiO~3~ series, however, be may correlated with a strong thickness-dependence of the lattice of oxygen octahedral distortions, as will be discussed.

To access information about the rotations and tilts of the oxygen octahedral network, a series of off-specular CTRs were recorded around 6--10 half-integer Bragg peaks (HIBPs) belonging to different families of diffraction planes. All measurements reported were carried out at room temperature. For all samples, all HIBPs of the form with *h*, *k*, *l* odd integers were observed except those that satisfy *h* = *k* = *l*, which are forbidden. No intensity was observed at conditions where one of the *h*, *k*, or *l* is an even integer, peaks that would arise from in-phase rotations of octahedra only, thus no orthorhombicity is present. This confirms that all the films adhere to the Glazer system a^--^b^--^c^--^, at lowest possible symmetry. As these samples are biaxially strained, it is reasonable to increase the symmetry to a^--^a^--^c^--^, reflecting the assumed equivalence of the two in-plane directions. This assumption is justified by the observation of equivalent intensities in all four quadrants , , , and . The condition α = β will henceforth be enforced.

In order to obtain the magnitudes of the octahedral tilts and rotations, it was necessary to compare measured and simulated relative diffraction intensities of HIBPs. The measured intensity for a given peak was taken as the integrated intensity of a Gaussian that has been fitted to the data including a linear slope offset and a constant background, as shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the evolution of the diffraction intensity close to the reflection for the series of LaNiO~3~/LaAlO~3~ samples and illustrates the fits that are obtained. When the thickness is reduced to only 5 u.c. (2 nm), the intensity is still clear and easily quantifiable, even when directly adjacent to the much stronger substrate contribution. This represents a serious technical achievement as this intensity derives only from small displacements of light oxygen atoms in a film only 2 nm in thickness. Also observed are the oscillations resulting from the finite thickness effect in the films, confirming the high crystalline quality of the oxygen sublattice.

![Diffraction intensity close to the reflection as an example of half integer Bragg peaks for the series of LaNiO~3~/LaAlO~3~ samples showing the evolution with film thickness. Solid lines are the fits to the data of a Gaussian function plus a linear slope and a constant background. The data was vertically displaced for clarity.](nl-2019-017729_0003){#fig3}

The simulated diffraction intensity was computed from given atomic positions, where only the oxygen positions are considered, as the cations do not contribute to these HIBPs. Simulating the atomic positions was done on a Mathematica 9 notebook with the only input parameters being the Glazer rotation system (i.e., how each octahedron rotates with respect to its neighbors), assuming the oxygen octahedra to be rigid. The tilt and rotation magnitudes are always defined with respect to the internal symmetry axes of the octahedron and not to the original, unrotated Cartesian reference frame. To avoid possible issues arising from the non-Abelian nature of the SO(3) group, the Rodrigues formula for three-dimensional rotations around a vector is applied iteratively around the three internal axes of octahedral symmetry, each time by an increment of the total rotation angle of that axis. More detail on this process is given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf). After the rotation operation on one octahedron is complete for a given set of input angles, α, β, γ, the full unit cell can be built by generating seven additional octahedra, rotated by the same magnitude of angles but in different directions depending upon the Glazer rotation system.

After obtaining a simulated doubled perovskite unit cell in three dimensions, the diffracted intensity can be calculated from the structure factor for the comprising 24 oxygen atoms viawhere *d*~*p*~ expresses the relative domain population of four geometrically equivalent domains and with the structure factor being given bywhere is the form factor for the 2^--^ oxygen ion and the *n*th oxygen is situated at (*x*~*n*~, *y*~*n*~, *z*~*n*~) in coordinates relative to the doubled unit cell. The domains indexed by *p* arise due to the equivalence of the final atomic positions when the octahedron undergoes rotations of the type (α, β, γ), (−α, β, γ), (α, −β, γ) and (α, β, -- γ).

Once both the simulated and experimental intensities have been obtained they are normalized to the same half integer (*h*, *k*, *l*) usually the one corresponding to the highest experimental intensity, giving two comparable sets. If the normalized simulated intensity for the *n*th diffraction peak is *I*~sim~(*h*, *k*, *l*)~*n*~ and the normalized experimentally measured intensity for the *n*th diffraction peak is *I*~exp~(*h*, *k*, *l*)~*n*~ then the residual sum of squares (RSS) is defined asand from this, the input parameters (α, β, γ, and the *d*~*p*~) can be varied until the RSS is minimized, determining the best fit structure. This was done for the two samples of LaAlO~3~/SrTiO~3~, the series of LaNiO~3~/SrTiO~3~, and the series of LaNiO~3~/LaAlO~3~ and the resultant rotation magnitudes are plotted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. More detail on the fitting procedure is shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf).

![Oxygen octahedral tilt (a) and rotation (b) magnitudes as a function of total film thickness in pc u.c. for the three types of heterostructure system analyzed. Dashed lines indicate the octahedral tilt and rotation magnitudes for the bulk materials LaNiO~3~ and LaAlO~3~ (SrTiO~3~ having no room-temperature octahedral distortions). The uncertainties are generated as described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf). An inset on each of the figures illustrates the relevant Glazer angles, α, β, and γ. Panels c and d are side view sketches of the octahedral tilt systems determined for, respectively, the LaNiO~3~/SrTiO~3~ and LaNiO~3~/LaAlO~3~ films, with the true measured angles. Three representative thicknesses of each series are shown. A strong evolution with thickness is seen for LaNiO~3~/SrTiO~3~ (panel c), whereas in panel d there is little variation with thickness for the LaNiO~3~/LaAlO~3~ series.](nl-2019-017729_0004){#fig4}

For the thicker (\>14 u.c.) LaNiO~3~ samples, on both SrTiO~3~ and LaAlO~3~ substrate, the angles reflect what would be expected from only considering the effect of biaxial strain, as sketched in panel b of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. On SrTiO~3~, the strain is tensile so the LaNiO~3~ oxygen octahedra would be expected to straighten their equatorial Ni---O---Ni bonds laterally to maximize the in-plane space, meaning a rotation around the *c*-axis toward a smaller γ of nearly 0°. The α and β, on the other hand, are much larger at almost 9°. The octahedra reduce their out-of-plane extension by increasing α and β to account for the tetragonal distortion stemming from tensile biaxial strain.

The opposite situation is observed for the compressive LaNiO~3~/LaAlO~3~; here, γ is forced to around 10° by in-plane restriction while α and β decrease to accommodate the new tetragonal distortion that is longer out-of-plane than in-plane. These Glazer rotation magnitudes would therefore likely be found for continually increasing thickness until strain relaxation, where the bulk of 5.2° would be preferred. A previous report finds, for slightly thicker LaNiO~3~ on both LaAlO~3~ and SrTiO~3~ substrates, Glazer angles that are in good agreement with what we see here.^[@ref27]^ Theoretical calculations on LaAlO~3~ films also reproduce these higher thickness, biaxially strained structures and LaNiO~3~ would be expected to be similar.^[@ref29],[@ref42]^

Now we perform the same analysis on films with thicknesses as low as 5 u.c. (2 nm) and in doing so, we have unveiled a striking behavior toward the atomic limit that suggests that the nature of the specific heterointerface plays a role in determining the film structure far beyond the simple consideration of biaxial strain.

First, in the case of the films on LaAlO~3~ substrate, the structure similar to the thicker LaNiO~3~/LaAlO~3~ films holds down to the lowest thicknesses measured, 5 u.c., similar to how the *c*-axis parameter appears to be independent of the total thickness, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In our previous work, we found that although the depth-resolved structure of LaNiO~3~ films on LaAlO~3~ substrate varies the depth-averaged structure is independent of the total film thickness, as is observed here.^[@ref23]^

By contrast, the octahedral rotations in films on SrTiO~3~ substrate depend much more strongly on the total thickness. In particular, as the thickness is decreased, the α- and β-tilts tend toward 0°, which, it should be noted, is the room temperature tilt angle in the cubic SrTiO~3~ substrate. It is therefore likely that the film structure is inclined to adopt the same out-of-plane tilts as the substrate through octahedral coupling at the heterointerface. The effect of the interfacial octahedral coupling reduces when the thickness increases to 12--15 u.c., the same length scale over which the *c*-axis parameter changes in the same system. The actual interfacial coupling length could be much less than 12 u.c., however, as it should be kept in mind that these measurements are sensitive to the entire film thickness and so give an average structure. Indeed, several studies find an interfacial coupling of the octahedral tilt magnitudes over around four unit cells.^[@ref43]−[@ref45]^ Other works also find a highly distorted surface structure extending over around 2 u.c. which, although it would contribute to the macroscopic measurements reported here, does not become relevant unless films even thinner than those measured in this work, the so-called ultrathin regime, are investigated.^[@ref23],[@ref46]^ Interesting behavior emerges in ultrathin films. LaNiO~3~ films are found to become insulating under 6 u.c. thickness when grown on SrTiO~3~ substrate but retain metallicity until as thin as 3 u.c. on LaAlO~3~ substrate.^[@ref36],[@ref47]^ This thickness-dependent metal--insulator transition is not fully understood but the substrate effect may be related to the type of interfacial structural coupling observed here.

The α = β tilts determined for the two LaAlO~3~/SrTiO~3~ films compare well to those obtained from a microscopy study^[@ref20]^ and fit well with the LaNiO~3~/SrTiO~3~ series, suggesting that LaAlO~3~ and LaNiO~3~ react to the SrTiO~3~ interface in a similar way (except for the 2D electron system). This is most likely as a result of their structural similarities in bulk (both are rhombohedral with a similar distortion magnitude), as summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Comparing the bulk similarities of LaNiO~3~ and LaAlO~3~ also aids in the understanding of the LaNiO~3~/LaAlO~3~ interface.

In the case of the LaNiO~3~ films on LaAlO~3~ substrate, the two materials are much closer in lattice parameter and the interface has, nominally, no polar discontinuity, no A-site discontinuity, and no symmetry discontinuity so the LaNiO~3~ can adopt a more stable, low energy, structure. In the LaNiO~3~/SrTiO~3~ system, however, there are chemical, polar, and symmetry discontinuities so it could be that the LaNiO~3~ is more frustrated and has to respond to the interface in a more complex way as the thickness is increased, first by octahedral coupling and then by accommodating the biaxial strain. Such interface effects are not unusual.^[@ref18],[@ref21],[@ref48]^ Although strain relaxation on the scale of the thicknesses measured here can be ruled out by the in-plane coherency of the diffraction peaks between the substrate and the film, there is still the possibility that the LaNiO~3~/SrTiO~3~ interface has a higher propensity to develop point defects and this may have an effect as well. Regardless of the origin, the smooth evolution of the thickness dependence of the octahedral rotations in the LaNiO~3~/SrTiO~3~ system may have an application in atomic-scale structural engineering through integration in a superlattice structure. This is especially appealing given the strong relationship between the Ni---O---Ni bond angle and electronic and magnetic properties of rare earth nickelates in general.

In summary, a simulation designed to give the Glazer rotation system and angles through fitting half integer Bragg peaks measured by synchrotron X-ray diffraction was used for three different perovskite oxide heterostructures; LaNiO~3~/LaAlO~3~, LaNiO~3~/SrTiO~3~, and LaAlO~3~/SrTiO~3~.

LaNiO~3~/LaAlO~3~ appears to be a system where the compatibility between the two component materials leads to a general film structure that is independent of the total film thickness and the Glazer rotation angles reflect an almost pure biaxial strain effect.

LaNiO~3~/SrTiO~3~ and LaAlO~3~/SrTiO~3~ are very similar, possibly owing to the corresponding similarity between bulk LaNiO~3~ and LaAlO~3~. In the LaNiO~3~/SrTiO~3~ system, the stark differences between the ideal film structure and the substrate are such that the film appears to accommodate the heterointerface in a complex and thickness-dependent way, first by undoing the octahedral tilting to match the substrate and then for thicker films by octahedral rotation to fill the tetragonality imposed by biaxial strain.

This demonstrated ability of using layer thickness as a tool to control the atomic positions on such a fine scale is certainly appealing from a materials engineering standpoint and is likely to be generalizable to many perovskite/perovskite systems with a high level of structural and chemical discontinuity.

Experimental Section {#sec2}
====================

The substrates used were SrTiO~3~ and LaAlO~3~, both (001)-oriented and distributed by Crystec GmbH. The SrTiO~3~ is treated by the manufacturer to obtain a TiO~2~ terminated surface while the LaAlO~3~ is annealed in flowing oxygen at 1000 °C to obtain an AlO~2~ terminated surface.

The LaNiO~3~ films were grown by radio frequency off-axis magnetron sputtering at a temperature of 510 °C and in a 7:2 Ar/O~2~ mix at a pressure of 0.24 mbar. The LaAlO~3~ films were grown by pulsed laser deposition in a pressure of 8 × 10^--5^ mbar at a temperature of 800 °C and a laser repetition rate of 1 Hz with a postannealing stage in 200 mbar of oxygen at 530 °C for an hour. Characterization can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf).

The XRD measurements took the form of crystal truncation rods (CTRs) and were performed at the Materials Science beamline X04SA, Surface Diffraction endstation at the Swiss Light Source, Paul Scherrer Institut.^[@ref49]^ The samples were mounted on a hexapod in a 6-circle diffractometer and, for all off-specular conditions, the incident angle was fixed at 4°. The two-dimensional Pilatus-II pixel detector was used to capture the diffracted beam. All measurements were carried out at room temperature and under flowing helium and at photon energies between 13 and 15.5 keV.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.9b01772](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.9b01772).Additional sample characterization. Details on the simulation of atomic positions. The determination of the experimental intensities and associated coherence thickness. The goodness of the simulation fits and a summary of the output structural parameters. Supplementary structural parameters (Ni---O---Ni bond angle and Ni---O bond lengths) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b01772/suppl_file/nl9b01772_si_001.pdf))
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